Tensile specimens tested at room temperature in the rolling direction present clear delamination, but only incipient delaminations was found in specimens tested in transverse direction. Delamination was a strain rate-controlled process and its morphology depends on the processing history, concluding that the cause of delaminations is the embrittlement induced by the hydrogen occluded during processing. Delamination had a small influence on the mechanical properties in the rolling direction. However, a drop in ductility was detected in the transverse direction particularly for the material in the aged condition.
INTRODUCTION
Delamination, splitting, separation or fissuring are the terms often used to describe the propagation of brittle cracks parallel to the conforming direction of the material.
Recently it was observed that delamination may occur during tensile test of the as-hot rolled PM 2000 alloy (trade mark of PLANSEE), being the effect more intense in specimens aged at 475ºC [1] . The delamination event was found to be a strain rate controlled process and has a small influence on the tensile properties [1] . Interrogations on the origin of the delamination and the influence on this event of strain rate and micrfostructural features were the reason for this investigation.
The driving force for delamination was either the transverse stress necking-induced in tensile specimens [2] , the transverse stresses notch (crack) induced in Charpy (fracture toughness) tests [3, 4] , or the longitudinal shear in torsion tests [5] . The microstructural features responsible of delamination of mild/ high strength low and medium carbon steels proposed in the literature, include: decohesion induced by flattened inclusions or of axial inclusions stringers [6] [7] [8] ; sulphur segregation and grain growth at the centre line [9] ; intergranular decohesion induced by sheets of carbides [10] [11] ; intergranular failure associated to grains with a high aspect ratio [12] [13] [14] ; anisotropy in plastic properties associated with elongated microstructures [15] ; transgranular cleavage texture ({100}<110>)-induced [16] [17] [18] ; incompatibility of plastic strain at the boundary between {111} and {100}grain colony [19] ; grain boundary weakened by cold working [3, [20] [21] . More recently, it has been argued that the alignment of cementite particles along the high angle grain boundaries promotes the formation of delaminations in ultrafine C-Mn steel processed by warm deformation and annealing [22] .
Delaminations in fully pearlitic steels have been also observed in the as-drawn and in the as-drawn plus aged states [5, 23] . Although a lot of efforts have been devoted to determine the microstructural cause of the delamination in this material class, clear conclusion has not been still reached. On the other hand, it was also found in these materials that electrolytically introduced hydrogen assists to the delamination of the material since delamination increases as the hydrogen concentration was increased [24] .
This means that hydrogen occlusion can be strongly anisotropic depending on the microstructure of the material, as it was previously reported already for other steel types [25] [26] [27] .
This paper analyzes the phenomenon of the delamination in tensile tests of PM 2000 alloy under two conditions that might be relevant for room temperature applications. An as-received fine grain size condition, that remains stable after thermal oxidation, [28] , and an aged condition (475ºC) that is known to increase tensile and fatigue properties [1] . For completeness, MA 956 alloy (trademark INCOLOY) was also investigated in both the as-received condition and the recrystallized condition (1330ºC/1h), that is a standard microstructure for high temperature applications. Rational for the selection of these oxide dispersion strengthened (ODS) alloys relies on the fact that they were processed under different powder metallurgical routes, therefore conclusions about the influence of processing might be obtained.
EXPERIMENTAL PROCEDURE
PM2000 and MA956 alloys were produced by Plansee Group (Reutte, Austria) and Special Metal Corporation (Hereford, United Kingdom), respectively. The chemical composition of these alloys is presented in Table I . The hydrogen content of the material here analyzed was determined with a LECO RH 404 hydrogen analyzer by the fusion of the sample method in an inert gas. . In order to make comparables the elongation values of longitudinal and transverse specimens it was necessary to apply a correction factor to the elongation values of the transverse specimens because of the difference in the slimness ratio (
, where L o is the gage length and S o is the cross-sectional area) of longitudinal (K=5.65) and transverse (K=2.5) specimens. The correction factor was obtained from the Bertella-Oliver equation [29] , expressed as:
in which  2 and K 2 and  1 and K 1 are the respective values of elongation and slimness ratio of the different specimens and b is an adjustable parameter. Assuming a value of 0.4 of this parameter [29] , the factor to compare elongations of specimens with a 2.5 slimness ratio to those with a 5.65 slimness ratio should be of 0.72. To obtain the reduction in area of transverse specimens the final area was taken as the area of the maximum rectangle inscribed in the minimum cross section of the specimen. Therefore, the calculated reduction in area is an upper limit.
In the case of MA 956 alloy the tension tests were performed at the same strain rates as those used for PM 2000 alloy on longitudinal specimens of 3 mm in diameter and 15 mm gage length. This alloy was also tested in the recrystallized state after a heat treatment at 1330ºC for 1 h.
The microstructure was characterized using standard metallographic techniques. To reveal the fine grained structure of the material, selected samples were polished to a 0.25 µm finish using a colloidal silica suspension and observed in a field emission gun scanning electron microscope (FEGSEM) operating at 10 kV. Fracture surfaces were examined with a stereomicroscope to obtain a general vision of the fracture. The details of the surface and profile of the delaminations were analyzed in the FEGSEM.
RESULTS AND DISCUSSION

Microstructure
In the as-hot rolled condition, PM 2000 and MA 956 alloys present a very elongated and fibrous structure with a weak and a strong <110> fibber texture, respectively [30] [31] . Regarding PM 2000 Fig. 1 shows an optical micrograph that resembles a cold deformed material. At a higher magnification, Fig. 2 , it can be ascertained that the microstructure consists of fine grains of about 1 m in diameter, which are slightly elongated in the longitudinal bar direction.
The aging treatment of PM 2000 produces a decomposition of the supersatured solid solution into Fe-rich  and Cr-rich ' phases at a nanometric scale [30] .
The microstructure of recrystallized MA 956 alloy consists of a very coarse microstructure of 100-1200 m in diameter and some centimetres in length [31] .
Furthermore, the grains present a crystallographic orientation in which the <111> direction of some grains and the <100> direction of another grains are parallel to the bar axis [31] .
Tensile properties
PM 2000 alloy. The Table II values, except in the case of the total elongation for the high strain rate. This anisotropic behaviour of yield strength and ultimate tensile strength is similar to that reported for warm rolled carbon steels [32] . However, it must be remarked that although in the ODS alloys the working temperature of about ≈ 1050ºC is higher than the warm rolling temperature of the carbon steels of about ≈ 650ºC, the microstructure in the as received condition present a similar banded microstructure. The banded microstructure in the case of PM2000 alloy is therefore the cause of anisotropy in the mechanical properties because only a weak texture was observed. The decrease in the elongations values and in the area reduction in the transverse direction regarding to the longitudinal direction is also similar to that observed in carbon steels in the short-transverse direction regarding to the rolling direction [6] .
In general, the effect of an increasing strain rate on tensile properties is to increase the yield strength and ultimate tensile strength and to slightly decrease the elongation and reduction in area [33] [34] . This behaviour is also followed by PM2000 alloy except for the total elongation and reduction in area. It is particularly evident in the transverse direction of the material in the aged condition, in which ductility properties strongly decrease with strain rate. This behaviour will be clarified below on the basis of the fractographic study carried out later on. Bridgman's analysis [35] from the actual values of the flow stress ( ) and the necking profile using the following expressions:
in which a is the radius of the minimum cross section and R is the curvature radius of the neck. Because the necking induced radial stress is considerably lower (about 350 MPa) than the ultimate tensile strength of the transverse specimen (1100 MPa, see Table II ), two possible delamination mechanisms are proposed. The first would be associated to the dynamical propagation of a crack from the centre of the specimen at the fracture instant. Once the crack initiates transverse stresses are generated ahead of the crack tip. This crack would propagate to reach a critically embrittled region oriented parallel to the specimen axis, which triggers off the longitudinal cracking. This mechanism is similar to that previously proposed for hydrogen-embrittled pearlitic steels [24] .
The second mechanism would be associated with the tensile radial stress generated by the spherical compression pulse that is triggered at the centre of the fracture surface at the fracture instant of the specimen. This idea was proposed by Kolsky [36] to explain the observed longitudinal fracture of a cylindrical specimen when a charge is detonated at the centre of one of the end faces of the specimen. The waves generated by the pulse are reflected by the cylindrical surface of the specimen converging onto the axis so that a very large radial tension stress is built-up in this region. It must be noted that in order to be operative any of the above two mechanisms the material must be critically embrittled, which is enhanced as lowered was the strain rate. comparison can be misleading for this state because the possible differences in crystallographic orientation between specimens and because the specimen material can not be considered as a polycrystalline material because the large grain size regarding to the specimen diameter. Figure 5 shows the macroscopic appearance of the tensile specimens of as-rolled material in which it is clear the effect of the strain rate on the delamination. The fracture appearance is very different from the observed in Fig. 3 of PM 2000 alloy, presumably because the delamination morphology depends on the material processing. At the test temperature of -196ºC, the effect of the strain rate on the material delamination is fully removed in spite of that considerably plasticity (40% RA) occurred. In this case longitudinal cracking is not related to the strain rate. Occasional longitudinal cracking occurred, but at both high and low strain rates. Figure 6 shows the effect of strain rate on the fracture appearance of tensile specimens of the recrystallized material. It is evident the anisotropic nature and the very coarse structure of the grains of the material in this state. Moreover, the fracture aspect is not the usual of the cup and cone type but of the shear type. The delaminations occurred at the lowest strain rate and have a planar morphology running along of the shear planes.
MA 956 alloy.
Therefore the delamination morphology depends on the deformation mode which in turn depends on the material processing.
Fractographic analysis of PM2000 alloy
Longitudinal specimens. The fracture mechanism is by nucleation, growth and coalescence of microvoids, i.e ductile type as expected from the results in Table II .
Disregarding of the strain rate, it was observed that the average size of the microvoids was about 0.5 m. FEGSEM micrographs of the profile and the surface of the delaminations are shown in Fig. 7 . From Fig. 7 .a it seems that the delamination occurs in a brittle mode along the fibbers by almost an intergranular path with some tear ridges.
Accordingly, the fracture surface showed in Fig. 7 .b does not present cleavage features but it is intergranular. The macroscopic view of the delamination of the aged material in Fig. 8 .a and more clearly in Fig. 8 .b reveals that it radiates from the centre of the necked cross section of the specimen.
Transverse specimens. Figures 9 and 10 show the fracture surface of the transverse specimens. In the case of the unaged material the fracture surface at the specimen midwide of the specimens tested at the lowest strain rate, Fig. 9 .a consists of a mixing of cleavage and intergranular areas separated by incipient part-through thickness delaminations (IPTTD) and by tear ridges features which number decreases at the lateral regions. In the mid-wide of the specimens tested at the highest strain rate the fracture, Fig. 9 .b, mainly occurred by coalescence of microvoids whereas the fracture surface in the lateral regions is formed by ductile areas and some cleavage islands separated by IPTTD. Apparently the IPTTD number at the lowest strain rate is higher than in the specimens tested at the highest strain rate.
In the case of the aged material tested at the lowest strain rate, Fig. 10 .a, the fracture surface was intergranular mainly with some cleavage facets and numerous IPTTD. The fracture surface, Fig. 10 .b, at the specimen mid-wide for the highest strain rate, consists of cleavage areas with some ductile islands which number decreases in the lateral regions. It can be also appreciated a secondary crack and as at the low strain rate case numerous IPTTD.
Some remarkable delamination-related points arise from the above results:
Longitudinal tests -The necking-induced radial-stress was as much a 20 percent of the axial stress and then it is lower than the ultimate tensile strength in the transverse direction. Therefore delaminations were not only necking induced.
-Delamination is a strain rate controlled process -Morphology of the delaminations depends on the material processing -Because no trend of delamination with strain rate was observed at -196ºC it is likely that delamination at room temperature is induced by a diffusion process of an embrittlement element, presumably hydrogen -Delamination produces negligible effects on tensile properties.
Transversal tests -Incipient delamination occurs disregarding of strain rate -An increase of strain rate produces a notably increase in the ductility, particularly, in the aged material. Such increase, for the unaged material, is accompanied by a change in the fracture mechanism from a mixing of cleavage and intergranular mechanisms to a ductile morphology. In the case of the aged material the change was from a purely intergranular mode to a mixing of ductile-cleavage-intergranular modes.
-Similarly to as occur in carbon steels regarding with hydrogen embrittlement, as higher is the strength level of the material, worse are the ductility properties at low strain rates.
Comparing the ductility values of longitudinal and transversal test at the lowest strain rate it is noticeable the strong directional character of the embrittlement.
Delamination Mechanism
The above results have shown that although both factors the transverse stresses necking induced and the microstructural features of the material contribute to the delamination, these can not be considered the main cause because it is a strain rate controlled process.
To the authors knowledge no consideration has been previously given to the role of the hydrogen introduced during the processing alloy neither on the delamination nor on the ductility loss associated to its embrittling effect in FeCrAl ODS alloys. However, interesting experimental results of previous work devoted to the pore formation in PM 2000 alloy [37] have already open the door to consider the above possibility.
Effectively, tensile tests performed on PM 2000 alloy under ultrahigh vacuum conditions at room temperature have revealed that in the fracture instant the partial pressures of hydrogen and water vapour increased by about three orders of magnitude and three times respectively regarding to those of a dummy sample [37] .
In the case of PM 2000 alloy the hydrogen may have been introduced into the material in two stages of the alloy processing. First, during mechanical alloying (MA) some hydrogen will be dissolved in atomic form by dissociation and adsorption of H shielding gas at the surface of fractures powder particles induced by this stage and another part in molecular form will be trapped in closed pores or cracks resealed during repeated collisions of the powder particles [38] . Second, during the consolidation stage, water vapour can be introduced into the system as adsorbed water vapour on the surfaces of the powder particles. This water vapour reacts at the consolidation temperature (≈ 1050ºC) with Al, Cr or Ti to form Al 2 O 3 , Cr 2 O 3 or TiO 2 respectively [39] [40] . Hydrogen can be incorporated into the alloy from the reaction of hydroxides (Fe(OH) 2 and Al(OH) 3 ) on the powder particles with Al [37] . In the case of MA956 alloy the hydrogen mainly can be only incorporated into the material during consolidation stage because Ar gas shielding was used instead of H as in PM2000 alloy.
The hydrogen content of PM 2000 alloy was determined in three conditions: asreceived; annealed at 1100º C for 100 h; annealed 1100/100h plus aging at 475ºC for 100 h. For the case of MA956 alloy it was considered the as-received and recrystallized (1330ºC/1h) states. Five samples were taken for each condition of each material to obtain the hydrogen contents. From the results of the analysis showed in Table IV it is worth noting that the same hydrogen content were obtained in the as-received condition for both alloys in spite of the differences in the gas shielding used during MA. Bearing in mind that the thermal treatment to recover the ductility (i.e. to drive out the hydrogen of the sample) consists in a heating at 200ºC for 24 h, it is remarkable that only 4 ppm of the hydrogen contained in the ODS ferritic alloys was released from the material after annealing treatments at 1100ºC/100h and 1330ºC/1h. This behaviour has been attributed to the rate of hydrogen production during annealing treatment is compensated by a low hydrogen release because of the low permeability of the micropore wall to hydrogen gaseous [37] . This low permeability occurs because the surface of the micropores is covered with sulphur, which effect is to hinder the hydrogen dissociation which in turn is a necessary step for the hydrogen release [37] .
The following mechanism is proposed to explain the delamination and the ductility lost in the transverse direction of FeCrAl ODS alloys. When uniaxial stress is applied hydrogen filled micropores are stretched until the fracture stress of sulphur-rich shell.
At that point the hydrogen is able to diffuse out the micropore. The hydrogen begins to concentrate in the region of maximum triaxial stress ahead of dislocation pile-up in grain boundaries until the critical concentration in which embrittlement takes place is reached. Both factors, ductility loss in the transverse direction and delamination would be related to the directional nature as well as at the hydrogen occlusivity as at the hydrogen transport during straining which in turn are related to the material microstructure.
CONCLUSIONS
-Delamination in PM 2000 and MA 956 ODS alloys during tensile test is a strain rate controlled process.
-Delaminations produce no significant changes in the mechanical properties in the rolling direction, however, produce great changes in ductility in the transverse direction, particularly for high strength levels (aged condition).
-The main cause of the delaminations is the hydrogen stored in the material during its processing.
-The morphology of the delaminations depends on the material processing. ----------------------------- 
